Summary ATP-binding cassette transporter isoform C2 (ABCC2) is exclusively targeted to the apical plasma membrane of polarized cells. Although apical localization of ABCC2 in hepatocytes is crucial for the biliary excretion of a variety of metabolites, the mechanism regulating its apical targeting is poorly understood. In the present study, an apical targeting signal was identified in the first cytoplasmic loop domain (CLD1) of ABCC2 in HepG2 cells. Overexpression of CLD1 significantly disturbed the apical targeting of FLAG2ABCC2 in a competitive manner, suggesting the presence of a saturable sorting machinery in HepG2 cells. Next, deletion analysis identified a potential targeting sequence within a 20-amino-acid long peptide (aa 272-291) of CLD1. Alanine scanning mutagenesis of this region in full-length ABCC2 further narrowed down the apical targeting determinant to five amino acids, S 283 QDAL
Introduction
Epithelial cells form a boundary between different extracellular environments, and eventually exhibit polarity by differentiating their plasma membranes into apical and basolateral domains. In polarized epithelial cells, newly synthesized plasma membrane proteins are sorted into distinct carrier vesicles at the trans-Golgi network (TGN) and asymmetrically distributed into the apical or basolateral plasma membrane (Rodriguez-Boulan and Müsch, 2005; Fölsch et al., 2009) . The plasma membrane is also involved in rapid endocytosis and recycling, during which endocytosed proteins are sorted to either endosomes for recycling or to lysosomes for degradation. In spite of these dynamic movements, a significant fraction of membrane proteins, such as transporter molecules, are maintained at constant levels on the plasma membrane. To accomplish this, a complex array of proteinprotein interactions governs many regulatory aspects that determine the localization of these proteins and, thus, plasma membrane proteins contain sorting information that specifies their destination (Mellman and Nelson, 2008) .
Hepatocytes differentiate to form morphologically and functionally distinct domains on plasma membranes, and thus exhibit characteristics of polarized epithelial cells (Arias et al., 1994) . In the liver, the canalicular membranes of adjacent hepatocytes form the bile canaliculi and form the apical domain, whereas the sinusoidal membranes of individual hepatocytes encompass the Disse space and form the basolateral domain. The bile canaliculi represent the excretory pole of hepatocytes and function as an important route of elimination of potentially toxic metabolites. The formation and maintenance of a polarized distribution of proteins in these two domains are crucial for the hepatocytes to perform various activities such as vectorial transport of a wide variety of metabolites. Thus, retaining polarity of hepatocytes is critical for the maintenance of homeostasis.
ATP-binding cassette (ABC) transporters comprise a large family of multi-spanning transmembrane proteins and are divided into seven subfamilies, from A to G. These transporters are found in various membranous organelles, where they vectorially transport a variety of endogenous and exogenous compounds by utilizing the energy released from ATP hydrolysis (Dean et al., 2001) . Most transporter proteins that are trafficked to the plasma membranes of polarized epithelial cells are sorted to different membrane domains, and this trafficking is regulated by distinct pathways. Human ABC transporter subfamily C (ABCC) includes 13 isoforms of plasma membrane associated cellular export pumps (Deeley et al., 2006) . Of these, ABCC2 was originally identified as an organic anion transporter situated on the apical surface of hepatocytes, and transports glucuronidated bilirubin into the bile canaliculi (Nies and Keppler, 2007) . The activity of ABCC2 is regulated by transcriptional, translational and post-translational mechanisms (Nies and Keppler, 2007) . Obviously, correct targeting of ABCC2 to the apical membrane is of immense physiological importance. However, despite its importance, molecular machinery responsible for the apical targeting of newly synthesized ABCC2 in polarized epithelial cells is poorly understood.
Several attempts to identify the distinct apical targetdetermining regions of ABCC2 using mutagenesis strategies or by analyzing chimeras formed between ABCC2 and basolaterally localized ABCC1 have produced varying results (Nies et al., 2002; Fernández et al., 2002; Konno et al., 2003; Bandler et al., 2008) . Although sequential truncation or substitution of specific amino acid residues has been used as a strategy to determine the sorting signals of many membrane proteins, unfolded or incompletely assembled polytopic transporter proteins are often trapped in the ER following synthesis, and are subsequently destroyed by the stringent ER-associated quality control mechanisms. For example, a number of mutations that cause cystic fibrosis actually produce functional, but slightly misfolded, forms of CFTR/ABCC7 that are retained in the ER where they are degraded prior to their arrival at the plasma membrane (Bertrand and Frizzell, 2003) . Similar impairment in protein trafficking of hereditary defective ABCC2 is believed to occur in Dubin-Johnson syndrome, in which abnormal accumulation of glucuronidated bilirubin causes hyperbilirubinemia (Keitel et al., 2000; Hashimoto et al., 2002; Nies and Keppler, 2007) . Thus, the extent of deletion or amino acid substitution introduced into the primary sequence of a protein could potentially become a deleterious determinant for the precise intracellular targeting of the modified protein. Accordingly, deletions created in the ABCC2 protein often result in their unexpected retention in the ER (Nies et al., 2002; Fernández et al., 2002) .
A complex array of protein-protein interactions generally governs various regulatory aspects related to the polarized localization of newly synthesized proteins in epithelial cells (Mellman and Nelson, 2008; Gonzalez and Rodriguez-Boulan, 2009; Weisz and Rodriguez-Boulan, 2009 ). We began this study by postulating that proteins that have entered the ER and are destined for the Golgi apparatus and, eventually, the plasma membrane might display sorting signals on their cytosolic surfaces, and that the cellular machinery would recognize such signals to control the delivery of proteins to their correct subcellular compartments down the biosynthetic-secretory pathway. To circumvent the unfavorable effects that could compromise the trafficking of genetically modified ABCC2, we set up a nondestructive assay in which the apical localization of full-length ABCC2 was disturbed under competitive conditions by overproducing a certain domain of ABCC2. In the present study, we used this competition assay and identified an apical targeting signal within the first cytoplasmic loop domain (CLD1) of ABCC2. We further analyzed this region by alanine scanning mutagenesis and found that five amino acids, S 283 QDAL 287 , comprise an important apical targeting determinant for ABCC2 in polarized HepG2 cells.
Results

Confirmation of polarized distribution of FLAG-ABCC2 in HepG2 cells
Like hepatocytes in liver tissues, hepatocarcinoma-derived HepG2 cells are structurally and functionally polarized. In monolayer culture, HepG2 cells reorganize to form sealed vacuoles between the plasma membranes of adjacent polarized cells (illustrated in supplementary material Fig. S2 ). The plasma membranes of the vacuoles in HepG2 cells and the bile canaliculi of hepatocytes represent the apical domain (Sormunen et al., 1993) . Aminopeptidase-N (APN) and the Na + ,K + -ATPase a1 subunit (Na,K-ATPase) are marker proteins for the apical and basolateral membranes, respectively (Sztul et al., 1987; Lian et al., 1999) . Since actin filaments are abundant just beneath the plasma membrane, the apical vacuoles and cell perimeters are readily visualized in polarized cells under a fluorescence microscope using Rhodamine-conjugated phalloidin (van der Wouden et al., 2002) . As shown in (supplementary material Fig.  S1A ), the Rhodamine-derived fluorescent signals (F-actin) delineating the apical vacuoles and cell perimeters of HepG2 cells overlapped with the immunostained APN and Na,KATPase, respectively; thus, indicating that the vacuoles and cell perimeters of HepG2 cells conveniently serve as models for apical and basolateral domains, respectively.
To ensure accurate topology of transiently expressed ABCC2, a preprotrypsin signal peptide was placed just in front of three repeated FLAG tags (Fig. 1A) . This signal peptide allows the Nterminus of the following part to situate on the extracellular side of the plasma membrane. Without permeabilization, only N-terminal FLAG-tagged proteins located on the external side of the basolateral plasma membrane were detectable by immunofluorescence. If the tagged proteins were directed towards the apical vacuoles of HepG2 cells, the immunofluorescence signal was seen only when the cell membrane was permeabilized with nn X-100. In permeabilized cells, immunostaining of FLAG-ABCC2 produced a single punctuated signal between the neighboring cells, which merged with the apical vacuoles (supplementary material Fig. S1A , Fig. S2A ). In contrast, no cell surface staining was observed in non-permeabilized HepG2 cells expressing FLAG-ABCC2 (supplementary material Fig. S2B ). ABCC1, a closely related member of the ABCC protein family, is sorted to the basolateral membrane of polarized epithelial cells (Deeley et al., 2006) . Consistent with this, we observed FLAG-tagged ABCC1 (FLAG-ABCC1) exclusively on the cell perimeters of permeabilized HepG2 cells (supplementary material Fig. S1A, Fig. S2A ). In addition, immunostaining of non-permeabilized cells showed extracellular labeling of FLAG-ABCC1, confirming rigid basolateral localization of FLAG-ABCC1 (supplementary material Fig. S2B ). These results suggested that fusion of the FLAG tag, along with the preceding signal peptide, to ABCC2 or ABCC1 did not affect their localization, as both fusion proteins were targeted in a manner identical to that of their endogenous counterparts. These results also suggested that a monolayer culture of HepG2 cells can serve as a useful model system to study the polarized localization of these transporters in hepatocytes.
Apical targeting information resides in the first cytoplasmic loop domain of ABCC2 ABC transporters typically comprise two tandemly arranged polytopic membrane spanning domains (MSD1 and MSD2) and two cytoplasmic nucleotide binding domains (NBD1 and NBD2) (Dean et al., 2001 ). An additional membrane spanning domain, MSD0, exists at the N-terminus of ABCC2 and the first cytoplasmic loop domain (CLD1) connects MSD0 to MSD1 (Fig. 1A) . Many proteins that are trafficked from the ER to the plasma membrane might display sorting signals on their cytosolic surface, and the cellular trafficking machinery would recognize such signals to navigate them along the biosynthetic-secretory pathway. ABCC2 contains three long cytoplasmic loop domains (CLD1, NBD1 and NBD2) and six short cytoplasmic loops (Fig. 1A) , and the former loop domains are more likely to contain apical targeting determinants. NBD1 and NBD2 are peptides approximately 300 amino acids long and are required for ATPbinding. CLD1, on the other hand, comprises a comparatively short polypeptide containing 127 amino acids (amino acid residues 185 to 311 from the initiation methionine), and its physiological significance still remains elusive. These considerations led us to examine the possible involvement of CLD1 in determining the apical targeting of ABCC2.
Initially, we postulated that overexpression of CLD1 would perturb the polarized distribution of ABCC2 in a competitive manner (Fig. 1A) . To explore this, we constructed an expression plasmid in which an HA tag was fused to the N-terminus of CLD1 (HA-CLD1) and then used this plasmid in a competition assay. Accordingly, increasing amounts of the resulting HA-CLD1 plasmid were mixed with a constant amount of FLAG-ABCC2 expression plasmid and the mixtures used separately for transient transfection of HepG2 cells. Immunofluorescence analysis of the transfected cells showed dispersed cytoplasmic distribution of the HA-tagged CLD1s, which did not overlap with the apical vacuoles (supplementary material Fig. S1B ). Immunoblot analysis with a monoclonal anti-HA antibody revealed a single band of HA-CLD1 with an apparent molecular mass of 17,000 and the intensity of this protein band increased with increasing amounts of the HA-CLD1 expression plasmid (Fig. 1B, bottom panel) . Co-expression of FLAG-ABCC2, however, remained the same in all cases (Fig. 1B, top  panel) . For the localization study, we chose to use 1.125 mg of HA-CLD1 plasmid and 0.375 mg of FLAG-ABCC2 plasmid to transfect HepG2 cells. As shown in (Fig. 1C) , in addition to their normal 'apical vacuolar' localization (top row), the expressed FLAG-ABCC2 showed an unusual 'cytoplasmic' distribution (bottom row) and 'intermediate' distribution with reduced apical localization (middle row). This intermediate or fuzzy distribution of ABCC2 could have resulted from the defective integration of these proteins into the apical vacuoles, although it did not overlap with the ER (supplementary material Fig. S1C ). In each FLAG-ABCC2-expressing polarized cell, the intracellular distribution of FLAG-ABCC2 probably varied due to the varying amount of HA-CLD1 expression in the transfected cells. For quantification, the degree of colocalization of FLAG-ABCC2 integrated into the apical vacuoles was categorized into one of three groups (Fig. 1D) . Notably, expression of increasing amounts of HA-CLD1 over that of ABCC2 significantly reduced the apical vacuolar localization of ABCC2, with a reciprocal increase in the intracellular accumulation of mislocalized ABCC2 (intermediate and cytoplasmic), leading to a significant number of cells exhibiting cytoplasmic distribution. In contrast, co-transfection of cells with FLAG-ABCC2 plasmid and excess empty pCMV-HA did not have any effect on the apical localization of FLAG-ABCC2. These observations suggested that overproduction of HA-CLD1 disturbed the polarized distribution of full-length ABCC2 in a competitive manner, thereby indicating that apical targeting information might be present in the CLD1 region of ABCC2. These findings also suggested that a saturable protein sorting machinery is present within polarized HepG2 cells.
Identification of an apical targeting signal for ABCC2
To identify the apical targeting motif(s) of ABCC2, we created a series of CLD1 truncations, each carrying a deletion of approximately 20 residues ( Fig. 2A) . We then analyzed the effects of overexpression of these CLD1 deletion mutants on the apical localization of FLAG-ABCC2. As shown in Fig. 2B , coexpression of the D5 deletion mutant of CLD1, which lacked amino acid residues 272-291 of ABCC2, failed to perturb the apical localization of FLAG-ABCC2, which was similar to that observed in the control cells (transfected with empty pCMV-HA plasmids). In contrast, co-expression of the other five HA-CLD1 deletion mutants (D1, D2, D3, D4 and D6) disturbed the polarized distribution of FLAG-ABCC2 in HepG2 cells roughly to the same extent. These results suggested that the peptide region, consisting of amino acid residues 272-291 of ABCC2, harbored an apical targeting determinant for ABCC2.
We next focused on this stretch of 20 amino acids and its neighboring residues on either side of CLD1. Accordingly, we generated eleven substitution mutants of ABCC2 by successive substitution of every five amino acid residues within this region of FLAG-ABCC2 with penta-alanine as indicated in Fig ), showed mixed staining patterns (staining of apical vacuoles as well as the cell perimeters) in permeabilized cells, and exhibited only extracellular staining in non-permeabilized cells. Doublelabeling experiments also demonstrated that these mutants were found both at the apical vacuoles and the basolateral membranes in HepG2 cells (Fig. 3B) . To quantify the colocalization of these expressed proteins with apical and basolateral markers, we calculated Manders' correlation coefficients (MCCs) as described in the Materials and Methods. Two different MCC values, M 1 and M 2 , between APN and FLAG-ABCC2 were 0.8260.04 and 0.7460.08, respectively, indicative of significant colocalization of APN and FLAG-ABCC2 in the apical vacuoles. On the other hand, MCCs of the 279-283/A mutant against APN and ATPase were 0.5260.06 and 0.4860.12, respectively, indicative of a mixed localization pattern. However, transient expression of the mutated flanking residues (except the 309-313/A mutant) resulted in normal apical localization, similar to that of the wild-type FLAG-ABCC2 (supplementary material Fig. S3) . A characteristic stretch of positively charged residues, beginning at residue 294-303 of ABCC2, was not important for apical targeting of the ABCC2 mutants (294/298A and 299/303A). These results exclude the possibility that perturbed localization of the 279-283/ A and 284-288/A mutants was caused by gross protein misfolding, which could inhibit trafficking of ABCC2 to the apical membrane. Only the 309-313/A mutant exhibited severely impaired delivery to the apical vacuoles, and was found to be essentially associated with ER marker proteins (supplementary material Fig. S3 ). Mutation of juxtamembrane positively charged residues at the cytoplasmic surface, as in this case, would most likely affect the membrane topology, cause misfolding and/or disrupted trafficking (Gafvelin et al., 1997; Sakaguchi, 1997 To more precisely locate the potential core motif, additional mutants, consisting of various combinations of alanine substitutions within this 10-amino-acid long sequence, were generated ( Fig. 4A; supplementary material Fig. S4 ). First, five ABCC2 mutants were created by substitution of every two consecutive residues within this region by two alanines. Remarkably, cells expressing the S283A/Q284A and L287A/ V288A double substitution mutants exhibited mixed staining patterns. In other words, in addition to their usual localization in the apical vacuoles, significant proportions of these two mutants were found in the basolateral plasma membrane, suggesting that the six-amino-acid sequence, S 283 QDALV 288 , contains an apical targeting signal for ABCC2. Next, we determined the relative significance of individual residues within this six-amino-acid long sequence in terms of the apical targeting of ABCC2 by analyzing the distribution of the FLAG-ABCC2 mutants harboring alanine substitutions at each one of these six positions ( Fig. 4A; supplementary material Fig. S4 ). In particular, two point mutants, S283A and L287A, exhibited dual localization patterns in polarized HepG2 cells. The other point mutants, however, exhibited only wild-type like apical localization. Taken together, we concluded that S 283 QDAL 287 is the core apical targeting signal of ABCC2, in which the residues S 283 and L 287 are essential for correct targeting. Hereafter, we refer to this five-residue long sequence as the apical targeting signal (ATS).
The amino acid sequence of the ATS is highly conserved among the listed 17 vertebrate species (Fig. 4B) . This high sequence conservation strongly suggests the involvement of this region in the apical targeting of ABCC2. Since both S 283 and L 287 are conserved in all species, we next generated additional point mutations at each one of these two residues in FLAG-ABCC2 to establish the contribution of each to the apical targeting of ABCC2. Notably, two mutants containing phosphomimetic substitutions at residue S
283
, namely S283D and S283E, exhibited normal apical localization similar to that of the wildtype ABCC2 (Fig. 5) . In contrast, replacement of S 283 by several nonphosphorylatable residues, or substitution of L 287 by several other residues, diminished the apical targeting specificity of ABCC2 and instead showed a mixed distribution pattern (supplementary material Figs S5, S6) .
MDCK cells are columnar epithelial cells and form the apical domain at the cell apex. To determine whether similar trafficking is observed in MDCK cells, we generated transient transfectants using the selected set of mutants (supplementary material Fig.  S7 ). As expected, FLAG-ABCC2 was readily seen at the apical side of MDCK cells and the Q284A mutant displayed normal apical localization. The S283A mutant lost its apical-specific steering activity and gave the mixed staining of the lateral side in addition to the apical side, whereas the S283D phosphomimetic substitution restored apical-specific localization. Consequently, these four forms displayed the same trafficking profiles observed in HepG2 cells. However, localization of S283A/Q284A and 279-283/A mutants looked mostly intracellular in MDCK cells. This different sorting behavior of these two epithelial cells may be attributed to their differential interpretation of the ATS found in ABCC2, but the underlying reason remains to be clarified.
Apical trafficking of ABCC2 is not mediated by transcytosis
Epithelial cells use 'direct routes' from the TGN to transport apical proteins. In addition to these direct routes, they use 'transcytotic routes' to deliver a considerable number of apical proteins via endocytosis from the basolateral membrane. This raises the question: Does the ATS of ABCC2 operate during biosynthetic sorting at the TGN (direct routes) or during endocytotic recycling in recycling endosomes (transcytotic routes) in HepG2 cells? To address this, we examined endocytotic internalization of proteins from the basolateral membrane using a transcytosis assay (Fig. 6) . Trafficking of endogenous APN was also studied as it is representative of transcytotic delivery. When HepG2 cells were incubated for 15 min at 0˚C with anti-APN antibodies to allow binding to the cell surface, the antibodies were exclusively detected at the basolateral membranes. After a 60-min chase of trafficking, which was initiated by raising the temperature to 37˚C, a prominent distribution of antibody-decorated APN at the apical vacuoles was visualized as punctate fluorescence. FLAG-ABCC1 was used as a model for a basolateral resident protein. After a 15-min decoration with anti-FLAG mononoclonal antibody (mAb), FLAG-ABCC1 displayed labeling at the basolateral membranes; however, it never reached the apical vacuoles after the 60-min chase. On the other hand, neither under the 15-min decoration with anti-FLAG mAb nor after the 60-min chase, any staining of FLAG-ABCC2 was detected, strongly suggesting that FLAG-ABCC2 never arrived at the basolateral membrane and cannot be delivered to the apical vacuoles via transcytosis in HepG2 cells. FLAG-ABCC2 (S283A) exhibited a mixed localization pattern at the basolateral membranes and the apical vacuoles. Mislocalized mutant proteins were exclusively detected at the basolateral membrane by anti-FLAG mAb staining and never showed transcytotic delivery to the apical vacuoles. This result also implies that the external epitope tags of FLAG-ABCC2 can be recognized by an anti-FLAG mAb in live cells. Taken together, these results suggest that transcytotic routes were not involved in the apical targeting of ABCC2 in HepG2 cells.
The apical targeting signal of ABCC2 can reprogram the basolateral distribution of ABCC1
We next asked whether the ATS of ABCC2 could exert its apical steering activity on basolaterally distributing ABCC1. For this purpose, the peptide region beginning from residue 293 to residue 304 of ABCC1, which corresponds to the ATS region of ABCC2, was replaced with a 12-amino-acid long sequence from ABCC2 (N   279   QSQSQDALVLE   290 ). A significant portion of the resultant The 50-amino-acid long CLD1 region of human ABCC2 (NM000392) was compared with the identical regions within ABCC2 homologs from chimpanzee (XM507976), orangutan (XP002821105), rhesus monkey (NP001028019), crabeating macaque (ABF46831), pig (XP001929394), bovine (DAA14938), horse (XP001500757), giant panda (XP002924324), dog (NP001003081), rabbit (Q28689), mouse (NM013806), rat (NM012833), opossum (XP001372990), chicken (XM421698), zebrafish (NM200589) and rainbow trout (NP001118127). Identical residues are indicated by white letters, with different shades of gray background: dark gray, residues conserved in more than 12 species; light gray, residues conserved in more than 10 species.
hybrid protein (FLAG-ABCC1/ATS) was observed on the apical vacuoles as well as on the basolateral perimeters, which was in contrast to the exclusive basolateral localization of wild-type FLAG-ABCC1 (Fig. 7) . Consequently, the ATS of ABCC2 was capable of effectively redirecting the basolaterally destined ABCC1 to the apical membrane effectively. This partial redirection of ABCC1 to the apical membrane raises the possibility that ATS better functions as an apical signal when combined with additional motifs from different regions of ABCC2. It is generally accepted that the C-terminal cytoplasmic region of ABCC2 contains such additional regulatory motifs (Kocher et al., 1999; Li et al., 2010; Kikuchi et al., 2002; Yang et al., 2007; Emi et al., 2011) . We previously demonstrated that an interaction between the C-terminus of ABCC2 and the postsynaptic density 95/disk large/ zonula occludens-1 (PDZ) adapter proteins helps to stabilize the apical anchoring of ABCC2 (Emi et al., 2011) . Accordingly, a nine-amino-acid long sequence of ABCC2 (I   1537   ENVNSTKF   1545 ), which contains a typical PDZ-binding motif, was used to replace the C-terminal L 1531 V 1532 of FLAG-ABCC1/ATS. In permeabilized cells, the fluorescence signal from the immunostained FLAG-ABCC1/ATS/PDZ was punctuated and reduced staining along the cell perimeter was observed. This reduction in staining seemed to correlate with a decrease in the extracellular staining of FLAG-ABCC1/ATS/PDZ in nonpermeabilized cells compared to that of FLAG-ABCC1/ATS. On the other hand, the PDZ-binding motif alone (FLAG-ABCC1/ PDZ) was unable to redirect ABCC1 to the apical membrane.
Discussion
Our most important finding is the identification of a five-aminoacid long peptide sequence, S 283 QDAL 287 , within the CLD1 of ABCC2 that represents a different class of sorting signal, and is required for the apical targeting of ABCC2 in polarized HepG2 cells. Our findings can be summarized as follows. First, overproduction of CLD1 significantly disturbed the polarized distribution of full-length ABCC2 in a competitive fashion. This finding enabled us to set up a competition assay, in which we identified a regulatory motif within CLD1 that determined the localization of ABCC2. Generally, analysis of truncation mutants and hybrids facilitates the initial mapping of a potential targeting motif. Our approach has a potential advantage in that it does not require the construction of genetically modified ABCC2 for the initial mapping of targeting determinants and, thereby, avoids the complications that are generally associated with the failure of protein folding and tertiary structure formation. Second, alanine scanning mutagenesis revealed that this regulatory motif (S 283 QDAL 287 ) acts as an apical targeting signal. In particular, amino acids S 283 and L 287 were functionally important residues for apical targeting of ABCC2. Third, phosphorylation of S 283 might be involved in the regulation of apical targeting of ABCC2. Fourth, transcytotic routes were not involved in the apical targeting of ABCC2 in HepG2 cells. Finally, this targeting signal was capable of reprograming the basolateral distribution of ABCC1.
In polarized epithelial cells, plasma membrane proteins are sorted into distinct carrier vesicles at the TGN and asymmetrically distributed into the apical or basolateral plasma membrane. A complex array of protein-protein interactions is believed to govern many regulatory aspects of protein localization (Mellman and Nelson, 2008) . Thus, plasma membrane proteins contain targeting information that specifies their destination. To date, a number of targeting signals for sorting proteins to the basolateral membrane have been identified. For example, tyrosine-based motifs (NPxY or YxxW, where x represents any amino acid and W denotes a large hydrophobic residue) and bipartite sorting signals of hydrophobic residues, such as dileucine motifs, have been shown to function as trafficking signals for many basolateral proteins (Gonzalez and Rodriguez-Boulan, 2009; Fölsch et al., 2009) . In contrast, identification of targeting signals for apical protein sorting has proven more elusive and divergent. Results obtained from recent studies suggest that apically directed trafficking might require sorting mechanisms distinct from those observed for basolaterally destined proteins, and might be too complicated to elucidate (Altschuler et al., 2003; Fölsch et al., 2009; Weisz and Rodriguez-Boulan, 2009) .
In this context it is noteworthy that, despite having structural similarities, ABCC2 is exclusively targeted to the apical surface whereas ABCC1 is exclusively targeted to the basolateral plasma membrane of polarized epithelial cells. The polarized distribution of ABCC2 is of physiological importance for maintaining the vectorial transport of metabolites. The targeting signals and cellular mechanisms must interact to ensure accurate apical delivery of ABCC2, and the molecular machinery responsible for the apical localization of ABCC2 has begun to emerge. For example, the C-terminal region of ABCC2 interacts with scaffolding adapter proteins including NHERF-1 and PDZK1 (Li et al., 2010; Emi et al., 2011) as well as with cytoskeletal adapter proteins such as radixin and ezrin (Kikuchi et al., 2002; Yang et al., 2007) . These adapter proteins form a macromolecular complex with the F-actin cytoskeletal network underneath the subplasmalemmal domain and are considered important for the stable anchoring of the delivered ABCC2 in the apical membrane (Kocher et al., 1999; Kikuchi et al., 2002; Yang et al., 2007; Li et al., 2010; Emi et al., 2011) . The mechanism regulating the apical targeting of newly synthesized ABCC2, however, remains elusive. In this study, we present one such mechanism by demonstrating that the narrowly defined peptide sequence, S 283 QDAL
287
, of ABCC2 (referred here as ATS) is important for its apical targeting.
The presence of plausible apical targeting information in the Nterminal region of ABCC2 was initially predicted from the analysis of hybrid proteins formed between ABCC1 and ABCC2 (Konno et al., 2003) . While the current study was in progress, Bandler et al. reported that an ABCC2-ABCC1 hybrid (ABCC2 1-319 / ABCC1 323-1531 ) containing the N-terminal 319 residues of ABCC2, which included MSD0 and CLD1 of ABCC2, was sorted to the apical plasma membranes of both MDCK and LLC-PK1 cells (Bandler et al., 2008) . A different ABCC1/ABCC2 hybrid protein, in which 34 residues from the CLD1 region of ABCC2 [amino acids (aa) 286-319] was used to replace the corresponding region (aa 291-322) of ABCC1, was sorted to both apical and basolateral plasma membranes. Although the latter hybrid protein lacked the complete ATS sequence identified in the present study, it is noteworthy that the hybrid junction created in this construct comprised amino acid residues SSKAL, which preserved the serine and leucine residues that are essential for the apical steering activity of ATS. The same authors also examined a polybasic motif, K 294 KKKKSGTKK 303 , located after the ATS, as a candidate apical targeting determinant of ABCC2. When all the residues of this polybasic motif were substituted with alanine residues, a large proportion of the mutated ABCC2 1-319 / ABCC1 323-1531 hybrid protein was found in an intracellular compartment of MDCK cells. In contrast, our findings show that this polybasic motif was not functional for the apical targeting of the full-length ABCC2 in HepG2 cells. The observed differences in targeting may be attributed to differences in experimental conditions. Variations in experimental design, particularly the choice of cells used as a model, could influence the intracellular localization of the modified recombinant proteins. In fact, polarized epithelial cells diverge with respect to how they deliver their apical proteins to their plasma membranes (Ellis et al., 2006; Fölsch et al., 2009; Weisz and Rodriguez-Boulan, 2009 ). MDCK cells sort cargo at the TGN and within recycling endosomes for direct apical or basolateral delivery. In addition to 'direct routes', HepG2 cells use 'transcytotic routes' to deliver a considerable number of apical proteins via the basolateral membrane. Furthermore, MDCK cells express AP-1B for sorting of cargos to the basolateral membrane, whereas HepG2 cells do not (Gonzalez and Rodriguez-Boulan, 2009 ). Thus, the observed differences in sorting behavior between these cell lines might be attributed to their differential interpretation of different targeting motifs found in this ABC transporter.
In contrast to the previously identified targeting signals for biosynthetic sorting of membrane proteins to the apical plasma membrane, the ATS identified in the present study has the following properties. First, in the biosynthetic pathway, signals for apical sorting have been proposed to be weaker than their basolateral counterparts (Matter and Mellman, 1994; RodriguezBoulan and Müsch, 2005) ; however, this does not appear to be the case for ATS. We believe that ATS conferred at least equal steering activity on ABCC1, because the ABCC1 hybrid constructs harboring the functional ATS sequence were partially sorted to the apical membrane, which is in contrast to the basolaterally restricted distribution of ABCC1. We also demonstrated that ABCC2 constructs lacking the functional ATS were not sorted properly and were observed at both the apical and basolateral membranes. This suggests that ATS is probably one of the determinants essential for directing the apical targeting of ABCC2. Other, as yet unidentified, regions of ABCC2 may contain auxiliary information regarding its proper apical localization, and they appear to become functional in the native conformation of ABCC2, where several motifs may combine. Second, the ATS of ABCC2 included two amino acids, S 283 and L 287 , which are essential for its apical targeting. ABCC2 mutants containing phosphomimetic substitutions at S 283 (S283D and S283E) showed normal apical localization, whereas mutants containing nonphosphorylatable substitutions at S 283 were localized to both the apical and basolateral membranes. This finding raises the possibility that phosphorylation of S 283 is involved in the regulating the apical targeting of ABCC2. Phosphorylation has been implicated in the correct intracellular targeting of some proteins. For example, phosphorylation is required for the cAMP-dependent regulatory exocytosis of the aquaporin-2 water channel from the subplasmalemmal vesicles to the apical plasma membrane. A mutant protein, in which the S 256 of aquaporin-2 was changed to an alanine residue, did not undergo exocytosis in response to an increase in cAMP (Fushimi et al., 1997; Katsura et al., 1997) . Further studies are necessary to clarify the involvement of S 283 phosphorylation in the apical targeting of ABCC2.
How does ATS guide apical targeting of ABCC2? Our transcytosis assay raised the possibility that the ATS of ABCC2 operates during biosynthetic sorting at the TGN (direct routes) rather than during endocytotic recycling in recycling endosomes (transcytotic routes). In addition, inactivation of ATS resulted in mixed-sorting, suggestive of a nonpolarized default mechanism that has little preference for either the apical or the basolateral domain. On the other hand, removal of a basolateral targeting signal often results in apical localization of the modified proteins, suggesting that a silenced apical targeting determinant became functional in the absence of the basolateral signal (Fölsch et al., 2009; Weisz and Rodriguez-Boulan, 2009; Ellis et al., 2006) . In parallel with this suggestion, ATS could mask the default trafficking mechanism. In the absence of ATS, a default mechanism is used for sorting ABCC2; thus, suggesting a model whereby the newly synthesized ABCC2 communicates with the apical sorting machinery before being sorted by a default trafficking mechanism, presumably in the Golgi apparatus. It remains to be determined how ATS is interpreted and what molecular machinery interacts with ATS. Although based on our results we cannot conclusively suggest that ATS interacts with a cellular component such as sequence-specific binding protein or lipid raft, our data suggest the existence of a saturable sorting machinery because the polarized distribution of ABCC2 was disturbed by overexpression of CLD1 in a competitive manner. Defining the protein(s) that binds to ATS should provide insights into the nature of the molecular mechanism of polarized distribution of physiologically important transporters in epithelial cells. To this end, we are currently performing affinity pull-down experiments to identify ATS binding proteins, which might provide valuable clues to the mechanism of polarized protein delivery in epithelial cells.
Materials and Methods
Construction of plasmids
The expression plasmid for the FLAG-tagged human ABCC2 (NM000392) was obtained as described previously (Emi et al., 2011) . Site-directed in vitro mutagenesis of ABCC2 was carried out using the QuickChange kit (Stratagene, La Jolla, CA, USA). The primers used for creating the site-directed mutants are listed in (supplementary material Table S1 ). A coding sequence encompassing the CLD1 region of ABCC2 (aa 1852311) was amplified by polymerase chain reaction (PCR) using PfuTurbo DNA polymerase (Stratagene) and the following primers containing in-frame restriction enzyme sites:
CLD1-F, 59-GCGAATTCTTTCAGAAAATAATGAGTCATCAAATAA-39 (EcoRI restriction site is underlined); and CLD1-R, 59-GGAAGATCTCTACATCAACCAGGATTTTGGAACAT-39 (BglII restriction site is underlined).
The amplified DNA fragment was digested with EcoRI/BglII restriction enzymes and the digested fragment was then cloned into the pCMV-HA expression vector (Clontech, Palo Alto, CA, USA) to generate a HA-CLD1 fusion protein expression plasmid, pCMV-HA-CLD1. Stepwise deletion of the HA-CLD1 coding DNA fragment was performed using an inverse PCR-based sitespecific mutagenesis method (Wang and Wilkinson, 2001 ). The primers used for creating these deletions are listed in (supplementary material Table S1 ).
Rat ABCC1 cDNA was amplified by reverse transcriptase PCR (RT-PCR). Briefly, total RNA was prepared from Wistar rat kidney using a QuickPrep Total RNA extraction kit (Amersham Pharmacia Biotech, Uppsala, Sweden). RT was carried out using SuperScript II (Invitrogen, Carlsbad, CA) and PCR was carried out using PfuTurbo DNA polymerase. The primers used for the amplification of rat ABCC1 cDNA (NM022281) were:
RtC1-F, 59-CCCAAGCTTGCGGCCGCCCTCATGGCGCTG-39 (HindIII and NotI recognition sites are underlined); and RtC1-R, 59-GGCGAATTCACACCAAGCCAGCATCCTTGGC-39 (EcoRI recognition site is underlined).
The amplified DNA fragment containing the entire ABCC1 coding sequence was digested with NotI and EcoRI restriction enzymes and the digested fragment was ligated with the NotI/EcoRI digested p3xFLAG-CMV-9 vector (Sigma, St Louis, MO, USA). Site-directed mutants of ABCC1 were generated using the inverse PCR-based site-specific mutagenesis method described above. The primers used for the mutagenesis are listed in (supplementary material Table S1 ). The nucleotide sequences of the mutants were confirmed by dideoxy sequencing of the respective DNA fragments using a Prism 3100 Avant sequencer (Applied Biosystems, Foster City, CA, USA).
Expression of recombinant proteins in HepG2 cells
HepG2 cells and MDCK cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum under an atmosphere of 5% CO 2 at 37˚C. Transient transfection experiments were carried out as described previously (Emi et al., 2007) . Briefly, 2.0610 5 cells were seeded into a 3.5-cm dish and cultured for 24 h. Cells were transfected using FuGENE6 reagent (Roche Diagnostics, Indianapolis, IN, USA). Cells were incubated with the DNA-lipid complex for 16 h, washed once with prewarmed culture medium, and further incubated in fresh medium. Transfected cells were harvested, disrupted in SDS-PAGE sample buffer by sonication, and centrifuged at 15,000 rpm for 5 min to remove cell debris. The clarified supernatant was subjected to immunoblot analysis using either anti-HA monoclonal antibody (Covance, Princeton, NJ, USA) or anti-FLAG monoclonal antibody (Sigma). Immunoreactive protein bands were probed with peroxidase-conjugated goat anti-mouse IgG (Covance) and visualized using ECL reagent (Amersham Biosciences, Piscataway, NJ, USA) and an LAS1000 image analyzer (Fuji, Tokyo, Japan).
Analysis of subcellular localization of FLAG-ABCC2 in polarized HepG2 cells
Immunofluorescence studies were carried out essentially as described previously (Tsuchida et al., 2008; Emi et al., 2011) . To detect the epitope-tagged proteins by immunostaining, transfected cells were incubated sequentially with anti-FLAG monoclonal antibody (1:500 dilution) for 1 h and then with Alexa-Fluor-488-conjugated anti-mouse IgG (1:1000 dilution; Invitrogen) for 1 h. To detect the marker proteins for the apical and basolateral membranes, monoclonal antibodies against APN (R&D Systems, Minneapolis, MN, USA) and Na + ,K + -ATPase (Abcam, Cambridge, UK), respectively, were used for immunostaining. In this case, anti-FLAG polyclonal antibody (1:4000 dilution; Sigma) and Alexa-Fluor-488-conjugated anti-rabbit IgG (1:1000 dilution; Invitrogen) were used to detect the tagged proteins. Immunofluorescence was observed using a confocal laser scanning microscope (LSM5-PASCAL; Carl Zeiss, Jena, Germany) equipped with a multitrack configuration specified in the Zeiss Aim software. Fluorescent images were observed through an LP 650 filter and a BP 505-530 filter by sequential excitation with 633 nm and 488 nm laser beams, respectively.
To assess polarity, transfected cells were stained with Rhodamine-conjugated phalloidin (Invitrogen), a sensitive stain for F-actin. Apical vacuoles are formed between adjacent HepG2 cells and are visualized by using Rhodamine-conjugated phalloidin. Polarized cells were counted according to a criteria that relied on the formation of sealed apical vacuoles between the neighboring cells. To circumvent the unfavorable effects that could arise from the overexpression of proteins, reduced amounts of expression plasmids (typically 0.5 mg) were used for transient transfection, and polarized cells exhibiting dense staining of FLAG-ABCC2 throughout their cytoplasm were excluded from the localization analysis. To assign basolateral localization, immunostaining was performed using non-permeabilized HepG2 cells.
For each transfection, polarized cells (as observed by Rhodamine-decorated punctate fluorescence) expressing FLAG-ABCC2 (as observed by Alexa Fluor 488 fluorescence) were examined. Three independent transfections were performed and cells were analyzed 40 h after transfection. The degree of colocalization of FLAG-ABCC2 with the apical vacuoles was categorized into one of the following three groups as described previously (Emi et al., 2011) . Briefly, apical vacuolar localization of FLAG-ABCC2 was defined as the fluorescent signal from FLAG-ABCC2 forming a single large punctuated staining that completely merged with that from the apical vacuoles (see Fig. 1 ). When FLAG-ABCC2 was virtually absent from the apical vacuoles in polarized cells, the distribution was defined as cytoplasmic. Intermediate localization refers to partial colocalization, where the FLAG-ABCC2 was distributed to the apical membrane as well as to other intracellular locations. Quantitative colocalization analysis of FLAG-ABCC2 (green, denoted as G) with marker proteins (red, denoted as R) was performed using Fiji (ImageJ 1.46) with a Coloc_2 plug-in (http://fiji.sc/wiki/ index.php/Colocalization_Analysis). Regions of interest were selected using the freehand selection tool. According to a practical guide (Dunn et al., 2011) , MCC is a more suitable measure of colocalization than Pearson's colocalization coefficient when the fluorescent signals distribute to different kinds of compartments. Two different MCC values describe contribution of each one from two selected channels to the pixels of interest. M 1 represents the fraction of R in compartments containing G and M 2 accounts for the fraction of G in compartments containing R.
Transcytosis assay
Transcytosis assays for protein trafficking were performed according to a previously published protocol (Bastaki et al., 2002) . Briefly, after five washes with ice-cold serum-free medium (SFM), HepG2 cells were incubated for 15 min on ice with antibodies (1:100 dilution) in SFM/1% fetal calf serum. After surface decoration, cells were extensively washed with SFM and chased in growth medium at 37˚C. Chased cells were washed, fixed, permeabilized, blocked, and incubated with fluorescently labeled secondary antibodies and phalloidin. Fluorescence was examined as described above.
